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Bismuth ferrite (BiFeO3, or BFO) is a multiferroic oxide ceramic that has unique 

properties at the nanoscale level at room temperature. For this reason, it is of great interest 

to study and implement BFO's properties for use in a variety of applications, including 

multiferroic memory, spintronics, and photovoltaics.  However, BFO is difficult to make 

in bulk, not only because impurity phases can develop and inhibit its multiferroic 

properties, but also because the phase transition at 825°C from its ferroelectric to 

paraelectric state acts against the densification process.  

Flash sintering is a relatively new densification technique that takes less time and 

energy to make bulk ceramics while exposing the sample to a low electric field. In this 

study, we investigate the feasibility of flash sintering bismuth ferrite at temperatures below 

825°C.   Densification occurred at furnace temperatures of 500°C and 350°C, much lower 

than the transition temperature, to approximately 90% of the theoretical density.   During 

this process, it was observed via energy dispersive X-ray diffraction, a rapid 

characterization technique used to probe crystallography of bulk materials, that anisotropic 

lattice expansion occurs when BFO is exposed to an electric field, which is not seen in 

conventional sintering. Estimating sample temperature during flash sintering is a difficult 
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process, and a few methods are discussed. Finally, several theoretical models of flash 

sintering mechanisms are addressed to aid in understanding of how this technique works. 
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1. INTRODUCTION 

Bismuth ferrite (BiFeO3, or BFO) is a multiferroic oxide ceramic that has unique 

properties at the nanoscale level at room temperature. For this reason, it is of great interest 

to study and exploit BFO's properties for use in a variety of applications, including 

multiferroic memory, spintronics, and photovoltaics. 

That said, pure BFO is very difficult to fabricate as it is considered metastable, 

arguably even at room temperature. Impurity phases, namely Bi23FeO39 and Bi2Fe4O9, can 

arise both when creating the powder and during sintering that adversely affect the material 

properties. It was recently found that forming bulk BFO with improved properties can be 

facilitated by starting with nanoparticles processed mechanochemically.  

An additional challenge in sintering BFO is that the phase transitions from 

antiferromagnetic to ferroelectric and from ferroelectric to paraelectric involve changes in 

the crystal lattice that work against the densification process. 

Electric field assisted sintering techniques (FAST) have been implemented in 

ceramic manufacturing to reduce the sintering time and temperature. Flash sintering is 

recently discovered technique that sinters ceramics in seconds at temperatures much lower 

than conventional sintering requires. Furthermore, flash sintering requires no applied 

pressure to the sample during the densification process.  

Through a collaboration with the Pérez-Maqueda Reactivity of Solids group at the 

Instituto de Ciencia de Materiales de Sevilla, it is of mutual interest to fabricate pure BFO 

in bulk efficiently. The aim of this thesis is to use energy-dispersive X-ray diffraction 

(EDXRD) in-situ to study the sintering mechanisms and behavior of flash sintering 
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nanostructured bismuth ferrite. EDXRD is a rapid and useful tool for extracting 

information about material phase makeup and changes in bulk materials.  

Through this work, ideal flash conditions for BFO will be developed and the 

resulting material properties will be compared to those of conventional sintering methods. 

There will be evidence and discussion of flash sintering below BFO's paraelectric phase 

transition and how the lattice responds to electric field exposure.  There will also be some 

discussion about how to effectively estimate the sample temperature during flash sintering. 

Because flash sintering is such a new technique, it is unclear what the mechanisms are for 

such rapid densification, especially because they tend to vary depending on the material 

being densified.  Unification of several mechanism models is proposed to explain flash 

sintering of bismuth ferrite. 



3 

 

 

 

2. LITERATURE REVIEW  

2.1. Bismuth Ferrite 

Bismuth ferrite (BiFeO3, or BFO) is a rhombohedrally-distorted perovskite-type 

ferrite material and one of the few multiferroic oxide materials that has both 

antiferromagnetic and ferroelectric phases that exist above room temperature1, 2. BFO was 

found to have an antiferromagnetic G-type spin configuration2.  

2.1.1. Crystal Structure and Phase Diagram 

Bismuth ferrite has a rhombohedral structure at room temperature and belongs to 

the R3c space group. Due to the mismatched ion sizes, the oxygen octahedra in BFO have 

to buckle to squeeze into the unit cell3. This structural parameter is quantified by the 

Goldschmid tolerance factor3, which for BFO is 0.88.  Consequently, the Fe-O-Fe angle 

𝜃 ≈ 154° − 156°, determines the magnetic ordering and conductivity of the material3. 

Fischer et al4 found that the tilt angle of the oxygen octahedral decreases almost linearly 

from 12.5° at -269°C to 11.4° at 605°C.  

The crystal geometry equation and unit cell volume equation for a rhombohedral 

structure in terms of the interplanar spacing and values of (hkl) are shown in Equations  

( 1 ) and ( 2 ): 

1

𝑑2
=

(ℎ2 + 𝑘2 + 𝑙2) sin2 𝛼rhom + 2(ℎ𝑘 + 𝑘𝑙 + ℎ𝑙)(cos2 𝛼rhom − cos 𝛼rhom)

𝑎rhom
2 (1 − 3 cos2 𝛼rhom + 2 cos3 𝛼rhom)

 
( 1 ) 

𝑉 = 𝑎rhom
3 √1 − 3 cos2 𝛼rhom + 2 cos3 𝛼rhom ( 2 ) 

A rhombohedral unit cell can be approximated with a hexagonal structure (see 

Figure 15).  
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Figure 1: Relation between rhombohedral and hexagonal crystal structure 

The crystal geometry equation and unit cell volume equation for a hexagonal structure are 

shown in Equations ( 3 ) and ( 4 ): 

1

𝑑2
=

4

3
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎hex
2 ) +

𝑙2

𝑐hex
2  

( 3 ) 

𝑉 =
√3𝑎hex

2 𝑐hex

2
 

( 4 ) 

It is much easier to determine the hexagonal lattice parameters, so it is often useful to find 

the rhombohedral lattice parameters in terms of them. Their relations are shown in 

Equations ( 5 ) and ( 6 ): 

𝑎rhom =
1

3
√3𝑎hex

2 + 𝑐hex
2  

( 5 ) 

𝛼rhom = 2 sin−1 (
3

2√3 + (𝑐hex 𝑎hex⁄ )2
) 

( 6 ) 

The crystal structure bismuth ferrite is shown in Figure 26: 
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(a)    (b)           (c) 

Figure 2: Crystal structure of BFO, where (a) shows a hexagonal unit cell, (b) shows two 

pseudocubic cells along [111], (c) shows a 2×2×2 super cell 

Michel et al employed a double cell to account for an observed superstructure7. Kubel et 

al8 found the following lattice parameters by experiment, which are consistent with data 

from literature4, 7 and shown in Table 1. 

Table 1: Measured hexagonal and rhombohedral lattice parameters 

𝑎hex = 5.57874 Å 

𝑐hex = 13.8688 Å 

𝑎rhom = 5.6343 Å 

𝛼rhom = 59.348° 

 

A phase diagram of bismuth ferrite is shown in Figure 49. Bismuth ferrite has a 

Néel temperature in the range of 350-370°C 10 at which point it transitions from  

antiferromagnetic to paramagnetic. This antiferromagnetism is shown in Figure 36:  

 

Figure 3: Schematic of G-type antiferromagnetic ordering below the Néel temperature 
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 The Curie temperature is in the range of 810-830°C 10, at which point the crystal 

structure undergoes a reversible phase transformation from rhombohedral to orthorhombic. 

The rhombohedral phase is maintained through 605°C, at which point the octahedral tilt 

begins to slowly change10. A cubic phase is attained at temperatures above 920°C 10.  

 
Figure 4: Phase diagram of BFO 

No phase diagrams exist for bismuth ferrite below 600°C. 

2.1.2. Physical Properties 

2.1.2.1. Density 

 The theoretical density of bismuth ferrite is 8.2 g/cm3 at room temperature.   

2.1.2.2. Thermal Expansion Coefficient 

The thermal expansion coefficients based on hexagonal lattice parameters and 

temperature were first determined by Bucci et al7 and are shown in Table 2 and Figure 5:  
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Table 2: Hexagonal Lattice Parameters and Thermal Expansion Coefficients for BFO 

Based on Temperature 

Temperature 

Range, 𝑻 (℃) 

Hexagonal Lattice Parameters 

(Å) 
Thermal Expansion Coefficients 

(𝟏/℃) 

25.13-325 

𝑎 = 5.5764 + 6.06 × 10−5𝑇 𝛼𝑎 = 10.9 × 10−6 

𝑐 = 13.8620 + 2.10 × 10−4𝑇 𝛼𝑐 = 15.1 × 10−6 

344-838 

𝑎 = 5.5946 + 6.83 × 10−5𝑇 𝛼𝑎 = 12.2 × 10−6 

𝑐 = 13.7251 + 9.05 × 10−4𝑇 

−12.50 × 10−7𝑇2 + 9.40 ×
10−10𝑇3 − 3.57 × 10−13𝑇4 

𝛼𝑐 = 65.0 × 10−6 − 18.0 ×
10−8𝑇 +20.3 × 10−11𝑇2 −

10.3 × 10−14𝑇3 

 

 

Figure 5: Temperature-Dependent Thermal Expansion Coefficients for BFO Based on 

Hexagonal Lattice Parameters 

The break in temperature range is on account of the Néel temperature. The thermal 

expansion coefficient for the hexagonal lattice parameter a remains constant, but the 

thermal expansion coefficient for hexagonal lattice parameter 𝑐 is a third order polynomial 

with a slope that concaves down. 
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Perejón et al11 found that the thermal stability of BFO is not influenced by heating 

environment. 

2.1.2.3. Thermodynamic Properties 

Figure 612 details the relationship between specific heat and temperature. The 

specific heat exhibits a peak at the Néel temperature12, 13. The roto-antiferromagnetic 

coupling, 𝜒, leads to a broadening in the specific heat jump.  

 
Figure 6: Temperature dependence of the specific heat of BFO 

2.1.2.4. Electrical and Magnetic Properties 

Bismuth ferrite is a multiferroic material. Its ferroelectricity comes from the active 

lone-pair orbital of bismuth ions which generate spontaneous polarization along the [111] 

axis of the rhombohedral unit cell since these ions are displaced with respect to the FeO6 

octahedra14.  

Rojac et al15 investigated the piezoelectric effect at elevated temperatures and found 

that the strong temperature dependence is from BFO's local electrical conductivity. 

Selected electrical properties of BFO are shown in Table 3. BFO is subject to large 

leakage currents and low electrical resistivity  due to oxygen vacancies, secondary phases, 
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and iron ions with different valences induced by bismuth volatilization16. It is consequently 

difficult to synthesize, and to get good polarization hysteresis and remanent polarization. 

Table 3: Selected Electrical Properties of BFO 

Property Value 

Coercivity 115 Oe 17 

Resistivity > 1010 Ω ∙ cm 18 

Conductivity ≪  107Ω−1 ∙ cm−1 18 

Dielectric constant 30 3, 129-685 19 

Piezoelectric coefficient 15 − 60 pv V−1 3 

Band gap 1.3 eV 20 

Activation energy for 

conduction 
1.15 eV 18 

Remanent polarization 

along [111] 
100 μC cm−1 3 

 

The polarization hysteresis for sintered BFO at several temperatures is shown in Figure 

721. 

 
Figure 7: Hysteresis loop for sintered BFO 

There is enhanced local conductivity at the domain-walls, much more so than the 

domains themselves3. The conductivity of the walls is related to the kind of domains they 

separate: 180° walls are the most conductive, followed by 109° walls. The 71° walls don't 

have any measurable transport enhancement. It is thought that an electrostatic 

depolarization field may attract charge carriers since polarization normal to the domain 
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wall does not appear to be constant through it3. The Fe-O-Fe bond angle may be responsible 

for the reduced electronic bandgap for the 180°and 109°domain walls3. 

Figure 820 details the measured electrical conductivity and Seebeck coefficients of 

BFO as a function of partial pressure of oxygen for several elevated temperatures. Schrade 

et al20 speculate that there is roughly an equal concentration of electrons and holes since 

there is minimal dependence of electrical conductivity on the partial pressure of oxygen. 

The minimal dependence of the Seebeck coefficient on the partial pressure of oxygen 

indicates that electron holes are the major contributor to the electronic conduction20. 

 
(a)     (b) 

Figure 8: Electrical conductivity (a) and Seebeck coefficient (b) of BFO with respect to 

the partial pressure of oxygen 

2.1.3. Applications of BFO 

Applications for BFO include ferroelectric memory devices3, 6 and a potential 

piezoelectric replacement for lead-based materials like PZT3, 22. Perovskite solid solutions 

have also been proposed as cathodes for solid oxide fuel cells (SOFCs) 23. It has also been 

evaluated for use as a photovoltaic material24, 25. Reports of emitted radiation on the order 

of terahertz when subjected to a femtosecond laser make BFO a likely candidate for 

telecommunications and security3. In a particularly unique study, Dziubaniuk et al26 were 
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able to exploit bismuth ferrite's ammonia sensing properties to develop a safety mechanism 

for air quality.  

Perhaps of most interest, bismuth ferrite has potential device applications in 

spintronics6, 27, where memory is written by a voltage and read by a magnetic field. There 

is a certain appeal to this, since it would require low energy and no moving parts, and 

reading the memory would be non-destructive (as opposed to ferroelectric memory, where 

polarization needs to be switched to read it)3.  

2.2. Sintering and Densification of BFO 

2.2.1. Review of Sintering 

Sintering is a manufacturing technique whereby a material is densified into a solid 

at temperatures below its melting point. Under conventional sintering, a powder compact 

is exposed to high temperature (> 1000℃) and sometimes pressure (up to the order of 

GPa) over several hours to promote an increased rate of diffusion and consequently a 

decrease in porosity of the material. The stages of sintering are shown in Figure 928.  

 
Figure 9: Stages of densification in ceramics. I: Initial Stage with bonded particles, II: 

Intermediate Stage where shrinkage begins, III: Final Stage with isolated pores and 

significant shrinkage 

Sintering is useful for ceramics since they tend to have very high melting temperatures.  

There are six mass transport mechanisms at work during sintering, three of which 

lead to densification. Figure 1029 shows these mechanisms and where they take place. 

Mechanisms 1-3 promote neck growth and do not cause densification. Grain growth occurs 
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when mass transport takes place from the grain boundaries toward the pores, and this can 

happen if large pores need to be eliminated, at which point coarsening is possible which 

inhibits densification.  

 
Figure 10: The sintering mechanisms at work and sources of material. Mass transport 

occurs from the surface by surface diffusion (1), from the surface by bulk diffusion (2), 

from the surface by evaporation/condensation (3), from the grain boundary by boundary 

diffusion (4), from the grain boundary by bulk diffusion (5), and from the bulk by bulk 

diffusion though dislocations (6) 

2.2.2. Sintering of BFO 

Deng et al30 conventionally sintered BFO at 800, 820, 850, 880, and 900°C  for two 

hours each, with rapid heating and cooling rates, and found that grain size increases with 

increasing sintering temperature.  

Fu et al21 conventionally sintered BFO at 700, 750, and 800°C for three hours each 

to compare crystal structure, surface morphology, dielectric and ferroelectric properties 

and found that at 800°C impurity phases disappear and single phase BiFeO3 is obtained, 

having more uniform grains, an increase in dielectric loss, and an increase in remanent 

polarization.  

Dai et al19 conventionally sintered BFO at 850C in nitrogen, oxygen, and air 

environments and found that in nitrogen, impurities were minimal, presumably due to the 
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presence of oxygen vacancies to compensate bismuth vacancies during volatilization. 

Additionally, they found that leakage current could be minimized when samples were 

sintered in a nitrogen atmosphere, as shown in Figure 1119. 

 
Figure 11: Leakage current as a function of applied electric field for samples sintered in 

several different environments 

Sagdeo et al31 prepared bismuth ferrite by rapid liquid phase sintering (RLPS) and 

found that this resulted in better dielectric properties than when samples were annealed 

after sintering since there were fewer concentrations of impurity phases in the RLPS 

samples. However, weak ferromagnetism was observed and seems to be an intrinsic 

property of materials prepared via RLPS31.  

Ponzoni et al32 were able to densify bismuth ferrite to approximately 95% of 

theoretical density via a low-temperature (400-800°C) high-pressure (3-8 GPa) sintering 

technique (LTHP) while avoiding phase degradation and having grain sizes similar to that 

of the pre-densified powder. Grain growth occurred when the sintering time was increased 

from 3 minutes to 10 minutes. Dielectric behavior remained unchanged. 

When the sintering temperature is too high or too low, bismuth volatilization will 

produce oxygen vacancies, so the dielectric loss of ceramic samples increases with 

excessive oxygen vacancy30. 
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2.2.2.1. Microwave Sintering of BFO 

Microwave sintering refers to the use of microwaves to heat the sample in lieu of 

conventional heating methods. 

Fu et al33 compared conventional sintering of BFO at 800°C for three hours in air 

to microwave sintering of BFO at 3kW for 35 minutes in air and found that Bi2Fe4O9 

impurity phase formed during both processes, but that the grain size of the microwaved 

sintered BFO was significantly smaller resulting in smaller remanent polarization and 

higher coercive electric field.  

Obulesu et al34 also compared microwave sintering of BFO to conventional 

methods and found that structural and dielectric properties were improved for microwave 

sintered samples.  

Cai et al35 studied the effect of different microwave powers on the properties of 

BFO ceramics, and found that the ideal power of 3.4 kW was ideal for remanent 

polarization, coercive field, dielectric loss, and leakage current. 

Perejón et al18 found that both conventionally sintered and microwave sintered 

pahse-pure BFO samples were electrically insulating at room temperature with resistivity 

comparable to BFO single-crystal.   

2.2.2.2. Field Assisted Sintering of BFO 

Since conventional methods require large amounts of energy and time, field 

assisted sintering techniques (FAST) have been developed to reduce these requirements 

and enhance sintering. 

Recently, pure bismuth ferrite has been spark plasma sintered (SPS)18, 36, 37, 38. 

Wang et al38 found that magnetization was enhanced and current leakage was minimized 
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when BFO samples were spark plasma sintered. Perejón et al18 found that compared to 

conventional and microwave sintering methods, SPS showed lower resistivity and 

activation energy when samples were not annealed after the fact. 

Several BFO-based composites and doped compounds have also been sintered via 

SPS39, 40. 

2.3. Flash Sintering 

Flash sintering is a relatively new FAST technique: Cologna et al published the first 

paper detailing it in 201041. They were able to sinter nanograin zirconia at 850°C in less 

than 5 seconds, much lower than the typical conditions for conventional sintering (1450°C 

for several hours41). The technique is similar to spark plasma sintering (SPS) in that an 

electric field is applied across the green body, but what differs in flash sintering is that it 

requires the current to pass through the sample and the electrical requirements become 

dependent on the material’s response to the applied electric field. Insulator ceramics 

typically need a higher electric field to flash.  

In the experimental setup, green bodies are typically sandwiched between two 

electrodes inside a furnace. Flash sintering can be described in three stages. Stage I is 

incubation, when the furnace temperature slowly increases. Stage II signifies the onset. 

This is when a critical furnace temperature is met such that the sample conductivity 

increases, causing a rapid increase in current, which heats up the sample further. It is when 

this thermal runaway occurs that densification begins. In the final stage, the power supply 

goes from voltage controlled to current controlled as a result of enhanced conductivity in 

specimen. Figure 1242 shows an example of this process in terms of electric field, current 

density, power density, and linear shrinkage strain versus time. 
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Figure 12: Isothermal flash sintering versus time curves for (a) DC electric field, (b) 

current density, (c) power, and (d) linear shrinkage strain for alumina-3YSZ composite at 

1275℃ for 75 V/cm 

Flash sintering experiments can be isothermal or nonisothermal. An isothermal 

experiment involves heating the furnace to the desired temperature, at which point the 

electric field is applied. A nonisothermal experiment consists of applying the electric field 

while the furnace continues to heat up until it goes into flash state. 

Research in this field has focused on three areas: identifying materials to flash sinter, 

varying the experimental setup, and determining the underlying mechanisms of flash 

sintering43.  

Since Cologna’s work, flash sintering has been investigated for a variety of oxide, non-

oxide, and composite materials under both AC and DC fields28, 43 (see Table 4). A few of 

them can be seen in Figure 13 44. 
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Table 4: Materials that have been flash sintered 

doped and undoped alumina45, 46 potassium niobate47 

Al2O3/TZP composites48 silicon carbide49, 50 

alumina-titania51 SrTi1-xFexO3-δ52 

alumina-YSZ42, 53 strontium titanate54, 55 

barium titanate56, 57 tin dioxide58 

CaCu3Ti4O12
59 doped and undoped titania60, 61, 62 

doped and undoped ceria63, 64, 65, 66, 67 doped and undoped yttria68, 69, 70 

cobalt manganese oxide71 yttria-stabilized zirconia (YSZ)72, 73, 74, 75 

La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)76 zinc oxide77, 78, 79, 80 

magnesium aluminate81 zirconia41, 82, 83 

manganese cobaltite84  

 

 
Figure 13: Power density vs furnace temperature for several materials 

There has been much disagreement regarding the possible mechanisms for flash 

sintering. Arguments have been made for the local heating of grain boundaries, the 

nucleation of avalanches of lattice defects, and thermal runaway43, 85, but none have gained 

widespread acceptance as yet. Details of these possible mechanisms are discussed in further 

detail in Chapter 7. 

Many experimental setups for flash sintering have been tested and evaluated. 

Common variations on Cologna’s setup are listed in Table 5: 

: 
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Table 5: Variations on Flash Sintering Experiments 

Parameter Variations 

Specimen dimensions Dogbone, button or disc, etc. 

Furnace type Tube furnace, custom design, etc. 

Electrode type Wires, plates, pastes, etc. 

Electric field AC or DC 

Temperature conditions Isothermal or nonisothermal 

 

As of yet, there has been limited study on material properties of flash sintered 

ceramics85. 

2.3.1. Flash Sintering of BFO 

The first instance of flash sintering of bismuth ferrite was conducted by Pérez-

Maqueda et al86, and they showed that flash sintering aids in preserving the phase purity 

and composition. Their sample of BFO was flashed at 100 V/cm and 20 mA/mm2 which 

resulted in no loss of BFO and an average grain size of 20 nm with low porosity. 

Gil-González et al 87 were subsequently able to produce phase-pure bulk BFO by 

reaction flash sintering BiO2 and FeO2 powders in air at 625°C in a matter of seconds.
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3. THESIS OBJECTIVE 

3.1. Scope 

Bismuth ferrite is typically sintered near 1000℃ and has a Curie temperature below 

900℃. It is of great interest to flash sinter this material, not only to compare results against 

conventional sintering methods, but to also evaluate the feasibility of flash sintering below 

BFO's Curie temperature to avoid phase transitions which act against densification during 

sintering. If flash sintering below the Curie temperatures proves to be successful for 

bismuth ferrite, it can potentially open up many applications that make use of its 

piezoelectricity, magnetoelectricity, and spintronic properties3, 88 for a class of materials 

that could not be made as robustly in bulk previously.  

While rapid sintering at lower temperature and with little grain growth is an 

important technical advantage, determining the mechanisms behind flash sintering of 

ferrites is also essential. X-ray diffraction is one of the most widespread known techniques 

for understanding the change in structure. But in a typical lab x-ray diffraction setup, the 

beam energy is not enough to penetrate bulk materials, and the beam intensity does not 

allow for very rapid data acquisition.  

Using high energy dispersive x-ray diffraction (EDXRD) in situ, we can study 

sintering behavior while it occurs since the penetration depth is large enough for the beam 

to pass through the furnace. This technique allows us to track phase transformations and 

the temperature of the specimen. We can analyze this information and explain general flash 

sintering phenomena, which will help resolve the diverging theories. 

3.1.1. Densification of BFO 

BFO was flash sintered to high density with minimal grain growth.  
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3.1.2. Comparison of Densification at Different Temperatures & Electric Fields 

It is important to ascertain how different furnace temperatures and electric fields 

affect flash sintering of bismuth ferrite to determine ideal flash conditions. It is also of 

interest to determine whether flash sintering of BFO is comparable to conventional 

methods in terms of resulting properties. 

3.1.3. Estimating Sample Temperature 

We want to reliably estimate sample temperature to better understand what happens 

during flash sintering and to confirm that any adverse phase transitions are avoided.  

3.1.4. Identifying and Quantifying Mechanisms of Flash Sintering 

Several mechanisms for flash sintering have been proposed, but none have gained 

widespread acceptance. This is partially due to the fact that mechanisms are dependent on 

the material being flashed and can vary greatly. Some mathematical models have been 

developed based on nucleation and growth, Frenkel defect avalanche, and Joule heating. It 

is of interest to apply these models to BFO to determine what the likely mechanisms are 

for flash sintering this material.
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4. EXPERIMENTAL METHODS 

4.1. Sample Preparation 

Bismuth ferrite powder was developed via mechanosynthesis89. The initial powder 

is shown in Figure 14. Green bodies are compacted using an Across International pellet 

press with cylindrical dies in our laboratory. Pressures up to 1 MPa are applied to achieve 

between 50% and 70% of the theoretical density. Pellets are 6mm wide and typically 5mm 

thick. Depending on the desired furnace temperature, either silver or platinum paste is 

applied to the circular sides of the samples and cured. The cured paste acts as an electrode 

on either side of the sample, and they are connected to a power supply via platinum wires 

(as platinum can withstand high temperature without being oxidized).  

 
Figure 14: Milled BFO powder (a), XRD pattern of the milled sample (b). SEM 

completed by Pérez-Maqueda group at CSIC-Univ. de Sevilla 

4.2. Flash Sintering Furnace 

The experiments discussed in this dissertation implemented a first-generation 

portable furnace developed by the Nanomaterials Laboratory that was subsequently 

modified (see Figure 15). 
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(a)                                                            (b) 

Figure 15: Schematic of sample (a), photograph of furnace interior with modified heating 

coils (b) 

 

To conduct an experiment, the pellet was coated on top and bottom with a platinum 

paste that functions as electrodes. The heating coils of the furnace have a separate power 

supply (BK Precision 9115 DC) which was turned on to increase the furnace temperature, 

with a feedback system of a K-type thermocouple placed close to the sample. When the 

desired temperature was reached during an isothermal experiment, an electric field was 

applied through the electrodes to the sample, controlled by a BK Precision PVS DC power 

supply.  

4.3. X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a technique used to analyze the structure and phase of a 

crystalline material based on its lattice parameters. In traditional XRD, a certain 

wavelength of X-rays passes through a sample and a goniometer changes the angle of the 

detector to determine the diffraction pattern of individual crystal faces.  

The governing equation for XRD is Bragg’s Law:  

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃 ( 7 ) 

where 𝑛 = a positive integer, 𝜆 = wavelength, 𝑑ℎ𝑘𝑙 = the interplanar spacing of the (hkl) 

reflection in Angstroms, and 𝜃 = the detector angle. Figure 16 shows how this equation 
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comes into play. If beams of identical wavelength are scattered off of two different 

particles, the lower beam travels an extra length of 2𝑑ℎ𝑘𝑙 sin 𝜃. Constructive interference 

occurs when that value is equal to the wavelength or a multiple of it.  

 
Figure 16: Schematic of Bragg diffraction 

4.3.1. Synchrotron Radiation 

EDXRD experiments require synchrotron radiation. A synchrotron facility is a 

large ring in which electrons are emitted from a cathode at high temperature and are 

injected into the ring. The electrons are radially accelerated via several radio frequency 

cavities to speeds approaching that of light. The path of the electrons is maintained via 

bending magnets. The excited electrons release massive amounts of energy as photons. 

Beamlines are set up at tangent points around the ring that capitalize on various 

electromagnetic spectra for experiments according to application.  

4.3.2. Energy Dispersive X-Ray Diffraction (EDXRD) 

Energy dispersive x-ray diffraction (EDXRD) differs from traditional XRD in that 

the angle of the detector is kept constant and a wide range of x-ray wavelengths pass 

through the sample. This allows for diffraction data to be acquired for all relevant crystal 

faces simultaneously. Since a goniometer is therefore not required, and the intensity of the 

x-rays is very high, data can be acquired much quicker compared to traditional XRD. 
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Moreover, the x-ray energies are so high that deep penetration through solid materials is 

possible. 

The governing equations for EDXRD are Bragg’s Law and Planck’s equation,  

𝐸 = ℎ𝑣 ( 8 ) 

where 𝐸 = energy in eV, ℎ = Planck’s constant = 4.135 × 10−35 eV, 𝑣 = frequency =

𝑐/𝜆 (where 𝑐 = speed of light = 2.9979 × 108 m/s). Solving Eqs ( 7 ) and ( 8 ) for 

wavelength and setting them equal to each other, we get: 

2𝑑ℎ𝑘𝑙 sin 𝜃

𝑛
=

ℎ𝑐

𝐸ℎ𝑘𝑙
 

or 

𝐸ℎ𝑘𝑙 =
ℎ𝑐

2𝑑ℎ𝑘𝑙 sin 𝜃
 

 

( 9 ) 

Substituting constant values into Eq ( 9 ), we have an equation for the scattered energy of 

the (hkl) reflection in keV: 

𝐸ℎ𝑘𝑙 =
6.1992

𝑑ℎ𝑘𝑙 sin 𝜃
 

( 10 ) 

4.3.3. In-situ Analysis 

Shown in Figure 17, the synchrotron facility at Argonne National Laboratory is 

known as the Advanced Photon Source (APS).  
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Figure 17: The Advanced Photon Source at Argonne National Laboratory 

The 6 BM-A beamline delivers photons with energies up to 200 keV via a superconducting 

wiggler. The EDXRD setup at 6 BM-A is shown in Figure 18: 

 

Figure 18: Schematic of beamline at 6 BM-A 

A white x-ray beam is generated through the wiggler and passes through the sample 

gauge volume (shown in yellow), whose position is controlled by a three-axis sample stage. 

The gauge volume is a parallelepiped whose size is dependent on the size of the incident 

beam collimation slits and the Bragg angle. The diffracted beam is recorded at a fixed 

Bragg angle 2𝜃 = 3°. Higher Bragg angles reduce the intensity of the beam.  
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Photographs of the detector and beamline at 6 BM-A are show in Figure 19:  

  

Figure 19: Photographs of 6 BM-A. The first photograph shows the diffracted X-ray 

detector which is offset by 3° from the horizontal. The second photograph shows the 

sample stage with the furnace installed. The X-ray beam enters the furnace from the 

right. 

4.3.4. Energy Calibration and Data Analysis 

Energy calibration for EDXRD was carried out with ceria and alumina standards to 

account for instrumental error. The XRD spectra are represented by the germanium 

detector as channel numbers. These channels correspond to certain energy levels which can 

be mapped to known interplanar spacings of the standards. Channels 0 through 8192 

correspond to 0 through 200 keV. A linear calibration curve is used to map the channels to 

energy. The one for alumina is shown in Figure 20. 

 

Figure 20: Calibration curve for alumina to determine energy in keV 
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The interplanar spacing for the (104) and (110) reflections of BFO were identified using 

the ICDD standard for BFO (see Figure 2190). The interplanar spacings were then used to 

calculate hexagonal lattice parameters.  

 

Figure 21: ICDD standard for BFO 

These two peaks appear very close to each other, so getting a good fit with deconvolution 

is difficult. The peak breadth was determined by manually identifying the peaks and fitting 

them with a Gaussian function using fityk91. The XRD spectra was additionally fit using a 

pseudo-Voigt function in MATLAB developed by the Nanomaterials Laboratory at 

Rutgers.    
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5. FLASH SINTERING OF BISMUTH FERRITE 

Three samples of BFO were analyzed at Argonne National Laboratory. One sample 

was pre-sintered, and the other two were green compacts. Each sample underwent several 

flash sintering experiments to maximize time use at APS. Two types of EDXRD scans 

were taken. Regular Scans (RS) consist of one XRD profile taken every three seconds. This 

enables us to monitor and analyze changes in the XRD pattern. Long Scans (LS) consist of 

one XRD profile for 300 seconds. This enables us to have XRD patterns with higher 

intensity. 

5.1. Pre-sintered sample flashed at 650℃ 

The experimental scans for the pre-sintered sample at 650°C are shown in Figure 

22, where regular scans are shown in red and long scans are in blue: 

 

Figure 22: Experiment Runs for Pre-Sintered Sample at 650°C 

The first and last regular scans recorded spectra without any presence of an electric field 

as the furnace temperature increased and decreased, respectively. The first flash experiment 

was conducted with an electric field of 50 V/cm and a current density of 2.5 A/cm2. The 
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subsequent flash experiment was conducted with an electric field of 24 V/cm and a current 

density of 5 A/cm2. 

Figure 23 shows the changes in energies and interplanar spacing for the (104) and 

(110) reflections during temperature ramp-up (first regular scan). The plots are enlarged 

since the two peaks are so close together.  

 
(a) 

  
(b)       (c) 

Figure 23: Baseline energies (a) and interplanar spacing (b) versus time during 

temperature increase. Interplanar spacing versus temperature (c) 

The decrease in peak energies and increase in interplanar spacings are consistent with 

thermal expansion92. Figure 23c shows the interplanar spacing with respect to temperature 

to account for variations due to manual temperature control.  
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Hexagonal lattice parameters were calculated from the interplanar spacing. While 

there is some variation beyond 500°C, Figure 25 shows that for the most part, the hexagonal 

lattice expansion occurs linearly. 

 

Figure 24: Changes in hexagonal lattice parameters due to temperature increase 

Figure 25 shows the normalized hexagonal lattice parameters, confirming that lattice 

expansion occurs at a relatively similar rate. 

 
Figure 25: Normalized hexagonal lattice parameters 

Once the target temperature of 650°C was reached, a long scan was taken to see the peaks 

more clearly since bismuth is very absorptive and attenuates the X-ray beam (see Figure 
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26). As mentioned, peaks (104) and (110) were identified using the ICDD standard in 

Figure 21.  

 

Figure 26: Long scan with peak identification at 650°C 

Once the peak locations at 650°C were established, the first flash experiment was 

started.  Figure 27a shows the electric field, current density, and power density versus time 

for the first flash experiment. Flash sintering began at 67 seconds and lasted for sixty 

seconds. The incubation, onset, and transient stages of flash are apparent. 

Figure 27b shows a horizontal waterfall plot of the peak energies with respect to 

time. During Stage II of flash sintering, it appears that one of the peaks disappears, or, more 

accurately, merge into a single peak. The fact that the (104) and (110) peaks combine 

signifies that an unwanted phase transformation from rhombohedral to orthorhombic has 

occurred. That is, the sample exceeded the Curie temperature of 825°C during the flash 

experiment and became paraelectric. While this process is reversible, it does act against 

proper densification. The single peak after the phase transformation corresponds to the 

orthorhombic (112) peak.  
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(a) 

    (b) 

Figure 27: Electric field, current density, and power density versus time (a) and peak 

energies versus time (b) for a flash experiment conducted at 650°C, 50 V/cm and 2.5 

A/cm2 

After several flash experiments at 650°C, it was found that at a high current density, 

the sample decomposed into its liquid state, as evidenced by the addition of several peaks 

(see Figure 28). This decomposition is consistent with findings in literature11.  

 
Figure 28: Long scans of BFO at 650C showing eventual decomposition 
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5.2. Green compact flashed at 500℃ 

The experimental scans for the green compact sample at 500°C are shown in Figure 

29: 

 
Figure 29: Experimental Runs for Green Compact Sample at 500°C 

First, a long scan at 500°C was taken to establish peak locations at that temperature. The 

sample was subsequently flashed four times with constant electric fields of 40 and 60 V/cm 

and current densities of 1 and 2 A/cm2. A regular scan was taken during temperature ramp 

down as well. 

Once the target temperature of 500°C was approximately reached, the long scan 

was taken to see the peaks more clearly (see  

Figure 30): 
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Figure 30: Long scan for green compact BFO at 500°C 

Figure 31a shows the electric field, current density, and power density versus time 

for the first flash experiment at 500°C. Flash sintering began at 111 seconds and lasted for 

thirty seconds. The incubation, onset, and transient stages of flash are apparent. 

Figure 31b shows a horizontal waterfall plot of the peak energies with respect to 

time. The energies decrease suddenly during Stage II, but the peaks remain separate. The 

fact that they do signifies that a phase transformation from rhombohedral to orthorhombic 

has not occurred. That is, the sample has remained below the Curie temperature during the 

flash experiment. Figure 31c shows the corresponding interplanar spacing versus time 

obtained from Equation ( 10 ). 

Perhaps more intriguing is the nature of the peak shifts. It appears from Figure 31b 

that the (110) peak shifts to a lower energy at a different rate than the (104) peak. The 

calculated changes in hexagonal lattice parameters are shown in Figure 32. If we normalize 

the hexagonal lattice parameters (see Figure 33) the change in 𝑎ℎ𝑒𝑥 is more drastic than 

𝑐ℎ𝑒𝑥 although the increase is still visible. At this point, it remains unclear whether this is 

an artifact of the convolution of peaks or whether the electric field causes an anisotropic 

lattice expansion effect. 
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(a) 

(b) 

 

(c) 

Figure 31: Electric field, current density, and power density versus time (a), peak 

energies versus time (b), and interplanar spacing versus time (c) during flash at 500°C 
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(a)     (b) 

Figure 32: Change in hexagonal lattice parameters during flash at 500°C. 

 
Figure 33: Normalized hexagonal lattice parameters versus time during flash at 500°C 

The change in full width at half maximum (FWHM) is shown in Figure 34. The 

general trend shows a narrowing of the peaks which is to be expected92, 93.  

 

Figure 34: FWHM versus time during the flash event 
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While the sample was still undergoing flash, a long scan was taken during Stage 

III. Compared to the pre-sintered long scan (see Figure 35), it appears that the (104) peak 

remains relatively in place while the (110) peak has shifted slightly to the left. For 

conventional sintering, we would expect similar peak shifts for both peaks. This unusual 

behavior confirms that the lattice changes are not an artifact of the pseudo-Voigt fit but an 

effect of the sample's exposure to an electric field.  

 
Figure 35: Long scan comparison during transient period of flash at 500°C 

Figure 36 shows an SEM comparison of densified BFO to the original milled 

powder. The dense BFO has low porosity, having reached approximately 90% of the 

theoretical density, and little if any grain growth.  
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Figure 36: An indication of densification: Milled BiFeO3 powder (a), XRD pattern of the 

milled sample (b), densified BiFeO3 at a furnace temperature of 500℃ (c), and XRD 

pattern of the densified BiFeO3 (d). SEM completed by Pérez-Maqueda group at CSIC-

Univ. de Sevilla 

Subsequent flash experiments were run at 500°C, however the change in electric 

field primarily resulted in significant grain growth, which inhibits densification as well. 
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5.3. Green compact flashed at 350℃ 

The experimental scans for the green compact sample at 350°C are shown in Figure 

37: 

 
Figure 37: Experiment Runs for Green Compact Sample at 350°C 

Two long scans were taken, once at room temperature and another after the first flash. The 

bump in the temperature plot is due to manually tuning the furnace temperature via a power 

supply. Once the temperature was corrected, the sample was flashed at 80 V/cm and 2.5 

A/cm2. The same sample was subsequently flashed two more times at electric fields of 90 

and 150 V/cm, respectively, and current density of 2.5 A/cm2.  

Figure 38a shows the electric field, current density, and power density versus time 

for the first flash experiment. Flash sintering began at 2166 seconds and lasted for one 

hundred seconds. The incubation, onset, and transient stages of flash are apparent. 

Figure 38b shows a horizontal waterfall plot of the peak energies with respect to 

time. Again, the sample remained below the Curie temperature during the flash experiment. 

Figure 38c shows the corresponding interplanar spacing versus time obtained from 



40 

 

 

 

Equation ( 10 ). Due to the long period for temperature to reach equilibrium, Figure 38 is 

truncated before 1900 seconds. 

It appears from Figure 38b that the (110) peak shifts to a lower energy at a different 

rate than the (104) peak, the same behavior we saw at 500°C. The calculated changes in 

hexagonal lattice parameters are shown in Figure 39. If we normalize the hexagonal lattice 

parameters (see Figure 40) the change in 𝑎ℎ𝑒𝑥 is more drastic than 𝑐ℎ𝑒𝑥 although the 

increase is still visible.  

The change in full width at half maximum (FWHM) is shown in Figure 41. The 

general trend shows a dramatic narrowing of the peaks at flash.  
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Figure 38: Electric field, current density, and power density versus time (a), peak 

energies versus time (b), and interplanar spacing versus time (c) for flash sintering at 

350°C 
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Figure 39: Change in hexagonal lattice parameters during flash at 350°C 

 
Figure 40: Normalized hexagonal lattice parameters versus time during flash at 350°C 

 
Figure 41: FWHM versus time during the flash event 
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Figure 42a shows the electric field, current density, and power density versus time 

for the second and third flash experiments. Flash sintering began at 138 seconds and lasted 

for 140 seconds, and began again at 357 seconds and lasted 72 seconds. The incubation, 

onset, and transient stages of flash are apparent both times.  

Figure 42b shows a horizontal waterfall plot of the peak energies with respect to 

time. The shape of the Again, the sample remained below the Curie temperature during the 

flash experiment. Figure 42c shows the corresponding interplanar spacing versus time 

obtained from Equation ( 10 ).  

It appears from Figure 42b that again, the (110) peak shifts to a lower energy at a 

different rate than the (104) peak. The calculated changes in hexagonal lattice parameters 

are shown in Figure 43. If we normalize the hexagonal lattice parameters (see Figure 44) 

the change in 𝑎ℎ𝑒𝑥 is more drastic than 𝑐ℎ𝑒𝑥 although the increase is still visible.  

The change in full width at half maximum (FWHM) is shown in Figure 45. The 

general trend shows minimal narrowing of the peaks at flash. This is likely because the 

sample was flashed already. 

It should be noted that the shape of the graphs in Figure 42b and c are due to 

manual temperature control and are not from any electric field exposure. 
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Figure 42: Electric field, current density, and power density versus time (a), peak 

energies versus time (b), and interplanar spacing versus time (c) for flash sintering at 

350°C 
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Figure 43: Change in hexagonal lattice parameters during flash 

 
Figure 44: Normalized hexagonal lattice parameters versus time during flash at 350°C 

 
Figure 45: FWHM versus time during the flash event 

Figure 4694 shows an SEM image of densified BFO to the original milled powder. 

The dense BFO has low porosity but shows some grain growth compared to the 500°C 

sample, likely due to the relatively high electric field imposed on the sample. 
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Figure 46: SEM micrograph and b) XRD pattern of the BiFeO3 pellet prepared by 

mechanosynthesis and flash sintered at 350°C, 150 V/cm and 2.5 A/cm2. SEM completed 

by Pérez-Maqueda group at CSIC-Univ. de Sevilla 

5.4. Homogeneity of BFO Samples During Flash 

There have been concerns that minimal information can be collected regarding the 

internal behavior of the sample during flash sintering, leading some to speculate that there 

may be some inhomogeneity in the lattice. EDXRD is a useful tool to monitor the crystal 

structure of the sample during flash. EDXRD spectra were taken through the thickness of 

a BFO green body flashed at 650°C with 25 V/cm and 2 A/cm2. Figure 47 shows a waterfall 

plot of the spectra through the thickness of the sample, and it is clear that there are no 

anomalies within the bulk. 

 
Figure 47: Waterfall plot of the thickness of a BFO sample during flash 
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Furthermore, SEM (see Figure 48) of a dog-bone sample prepared by the Pérez-Maqueda 

group and sintered at 500°C shows uniformity throughout the sample at various cross-

sections.  

 

Figure 48: SEM cross-section of dogbone specimen prepared and studied by the Pérez-

Maqueda group at CSIC-Univ. de Sevilla 

5.5. Discussion Regarding the Anisotropy during Flash Sintering of BFO 

The anisotropic behavior of the crystal lattice of bismuth ferrite during flash 

sintering has been consistent at 500°C and 350°C.  This phenomenon is not seen during 

conventional temperature increases, so it's clear that the electric field has some influence 

over the expansion of the material.   

Lebrun et al95 recently investigated anisotropic lattice expansion during flash 

sintering of 3 mol% yttria stabilized tetragonal zirconia and used density functional theory 

to simulate the mol% of vacancy-interstitial Frenkel pairs of oxygen and zirconium. They 

ruled out environmental influences on the expansion since the lattice parameters change 
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abruptly during flash instead of an expected expansion gradient through the thickness of 

the sample that would have broadened their diffraction peaks. 

As an oxide material, it is possible that Frenkel pairs are responsible for the similar 

behavior seen in the BFO experiments. This is considered further in Chapter 7.
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6. ESTIMATING SAMPLE TEMPERATURE DURING FLASH SINTERING 

Determining the sample temperature during flash sintering has proven to be a 

difficult task. Various groups have used thermocouples, pyrometers, impedance analysis, 

optical emission spectroscopy, and thermal expansion to estimate temperature with varying 

success depending on the nature of the error introduced96.  

6.1. Black Body Radiation Method 

The black body radiation (BBR) model assumes that if the sample temperature is 

initially at the same temperature as the furnace, 𝑇𝐹, and is then electrically heated, the heat 

dissipation is equivalent to the difference in black body radiation between the sample and 

the furnace. The black body radiation equation for sample temperature is 

𝑇 = 𝑇𝐹 [1 +
𝑊𝑉

𝜎𝑇𝐹
4 (

𝑉

𝐴
)]

1 4⁄

 
( 11 ) 

 

where 𝑇 is the estimated sample temperature in K, 𝑇𝐹 is the furnace temperature in K, 𝑊𝑉 

is the power density in Wm−3,  𝜎 is the Stefan-Boltzmann constant, 5.67 ×

10−8 Wm−2K−4, 𝑉 is the volume of the sample in m3, and 𝐴 is the surface area of the 

sample in m2. Power density was calculated based on the steady state value of the electric 

field during the transient stage of flash sintering. Results for each BFO experiment are 

shown in Table 6 and detailed calculations can be found in Appendix 1. 
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Table 6: Sample temperature estimates based on BBR. 

Sample 

Power 

Density 

(W/m3) 

Furnace 

Temp, T0 

(°C) 

T* (°C) 

Pre-Sintered BFO,  

Flashed at 650°C 
3.97 × 107 650.76 𝟕𝟗𝟕. 𝟏𝟗𝟕 

Green Compact BFO,  

Flashed at 500°C 
6.77 × 107 501.89 𝟖𝟎𝟔. 𝟎𝟑𝟎 

Green Compact BFO,  

Flashed at 350°C 

1.36 × 108 356.01 𝟗𝟑𝟗. 𝟓𝟒𝟑 

9.32 × 107 350.41 𝟖𝟑𝟕. 𝟑𝟖𝟑 

9.42 × 107 351.17 𝟖𝟒𝟎. 𝟐𝟑𝟗 

 

Clearly, the blackbody radiation method gives values inconsistent with what we see 

during the experiments. The estimated temperature of the sample flashed at 650°C at 

15.6V/cm and 2.55 A/cm2 is below the Curie temperature, but we clearly saw evidence that 

the Curie temperature had been exceeded. Similarly, the estimated temperatures of the 

sample flashed at 350°C multiple times all exceed the Curie temperature, but we saw no 

evidence of any phase transition. 

Recently, Charalambous et al97 addressed some issues with the black body radiation 

method, namely that it overestimates the sample temperature by a significant degree, and 

suggested that using unit cell volume to estimate sample temperature provides a much more 

accurate value for the case of zinc oxide. 

6.2. Thermal Expansion Method 

Another common way of estimating temperature involves using a baseline 

temperature increase to compare lattice expansions during flash. Unfortunately, due to the 

anisotropy we see exclusively during flash, using the linear thermal expansion data is not 

ideal. And in fact, we see in Figure 49 that the temperature estimate for the (104) and (110) 

planes are quite different.  
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Figure 49: Sample temperature estimate during first flash at 500°C using baseline 

interplanar spacing data 

However, as previously shown in Table 2 and Figure 5, Bucci et al7 developed equations 

for the hexagonal lattice parameters and thermal expansion coefficients of BFO in terms 

of temperature. Using the equations in the second column of Table 2, we can calculate the 

temperature based on the lattice parameters during the steady state portion of the flash 

event. The results based on 𝑎ℎ𝑒𝑥 are shown in Table 7: 

Table 7: Calculated temperatures based on 𝑎ℎ𝑒𝑥 

 

 

 

 

 

Unfortunately, the values for 𝑐ℎ𝑒𝑥 during flash are not solutions of the equation for 

temperature – the equation has a maximum 𝑐ℎ𝑒𝑥 of 13.9845. That said, the calculated 

temperatures for 𝑎ℎ𝑒𝑥 are still underestimated since these equations don't take into account 

the effect of the electric field.  

Flash Experiment 

Hexagonal 

Lattice 

Parameter (Å) 

Calculated 

Temperature 

(°C) 

1st Flash, 500°C 
a = 5.6494 802.3 

c = 14.0177 N/A 

1st Flash, 350°C 
a = 5.6448 735.0 

c = 14.0093 N/A 

2nd Flash, 350°C 
a = 5.6277 484.6 

c = 13.9972 N/A 

3rd Flash, 350°C 
a = 5.6424 699.8 

c = 14.0181 N/A 
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7. DETERMINING MECHANISMS OF FLASH SINTERING OF BFO 

7.1. Local Heating of Grain Boundaries 

In the first flash sintering paper, Cologna et al41 hypothesized that local heating of 

grain boundaries could be a mechanism of flash sintering since it leads to enhanced 

kinetics. Chaim et al98 expanded on this to propose that liquid-film capillary forces could 

be at work in wetting the solid particles by a melt at the contact point.  

Todd et al43, 85, however, point out that densification occurs so quickly that there 

isn't sufficient time to sustain heating between particle contacts. 

7.2. Joule Heating 

Cologna et al41 also suggested that Joule heating may be involved. In exposing the 

sample to an electric field, the sample temperature increases, which increases the 

conductivity of the sample, thereby increasing the sample temperature, and so on in a 

positive feedback loop.  

Todd et al43 developed an expression to account for both the furnace temperature 

and the electric field that would induce flashing in the case of 3 mol% yttria stabilized 

zirconia: 

∆𝑇crit ≈
𝑅𝑇0

2

𝑄 − 5𝑅𝑇0
 

( 12 ) 

where 𝑅 is the gas constant, 8.314 Jmol-1K-1, 𝑇0 is the furnace temperature in Kelvin, and 

𝑄 is the activation energy, 1.15 eV for BFO18.  

Hewitt et al99 developed a theoretical model for Joule heating during flash sintering. 

Their model ignored any material changes due to sintering and assumed an axisymmetric 

sample (see Figure 50). 
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Figure 50: Model of cylindrical sample 

The model assumes that the thermal conductivity of the sample is counteracted by cooling 

from the sides of the sample via radiation, conduction, and convection and cooling from 

the ends at the locations of the electrodes. 

There is a lot of uncertainty in this method when applied to BFO due varying reports 

of thermal and electrical conductivity, Arrhenius rate factor, and activation energy. That 

said, the strength of Joule heating, 𝜆, in this model is found to be: 

 𝜆 =
𝜎0𝑉0

2𝑅2

𝑘∆𝑇𝐿2
 

( 13 ) 

where 𝜎0 is the conductivity at the furnace temperature, 𝑉0 is the applied voltage to the 

sample, 𝑅 is the sample radius, 𝑘 is the thermal conductivity of the sample, ∆𝑇 is the 

change in temperature, and 𝐿 is the thickness of the sample. Special cases were also 

developed depending on whether the electrodes are thermally insulating, the sides are 

weakly cooled, the heating and cooling rates are small, and the sample has a high aspect 

ratio.  

7.3. Nucleation of Avalanche of Frenkel Defects 

Cologna et al41 also proposed that the electric field could be conducive to an 

avalanche of Frenkel defects. These defects would increase the rate of diffusion through 

the sample. Figure 51100 shows a Frenkel pair: 
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Figure 51: Frenkel pair, where the vacancy is denoted by the square 

Naik et al42 developed a model that analyzes nucleation of the non-linear transition 

from an insulating to a conducting state of the sample. They hypothesize that an embryo 

of high dielectric constant and just a few nanometers in diameter, assumed to arise from 

aggregation of aligned dipoles made of vacancy-interstitial Frenkel pairs, is formed under 

the influence of an electric field. The driving force for nucleation is from the polarization 

energy of this aggregate per unit volume, ∆𝐺𝑉, given by Equation ( 14 ):  

∆𝐺𝑉 =
1

2
𝜀0𝜀𝐸𝐸𝑗

2 
( 14 ) 

where 𝜀0 is the permittivity of the vacuum, 𝜀𝐸 is the dielectric constant of the embryo, and 

𝐸𝐽 is the applied electric field. The total free energy, ∆𝐺,  is the difference between the 

polarization energy and the energy of the interface, 𝛾𝐸, that it forms with the parent lattice: 

∆𝐺 = −4𝜋𝑟3 ∆𝐺𝑉 + 4𝜋𝑟2𝛾𝐸 ( 15 ) 

where 𝑟 is the radius of the embryo. The total free energy is maximized when a critical 

radius is reached, 𝑟 ∗, which is denoted by Equations ( 16 ) and ( 17 ): 
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∆𝐺 ∗=
1

2
(

4𝜋

3
𝑟 ∗3) ∆𝐺𝑉 

( 16 ) 

 𝑟 ∗=
4𝛾𝐸

𝜀0𝜀𝐸𝐸𝑗
2 

( 17 ) 

Naik et al also calculated the probability of nucleation as a function of interfacial energy, 

assuming a reasonable value of interface energy of 𝛾𝐸 = 1 mJ m−1, as shown in Figure 

5242: 

 
Figure 52: Probability of nucleation of an embryo based on interfacial energy, based on 

a dielectric constant of approximately 106 

Narayan101 developed a model for grain growth during flash sintering of materials 

and specified that grain growth can be inhibited as a result of vacancy segregation. 

7.4. Qualifying the Mechanisms with Application to BFO 

It is this lab's opinion that, based on the anisotropic behavior of the lattice 

expansion during flash sintering, the nucleation of an avalanche of Frenkel defects is a 

likely mechanism for flash sintering. That isn't to say that Joule heating doesn't contribute 

at all, but the exact nature of the coupling remains ambiguous.
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8. CONCLUSION AND FUTURE WORK 

The feasibility of flash sintering bismuth ferrite was studied. The experiments 

detailed in this thesis used energy dispersive X-ray diffraction (EDXRD) to elucidate what 

happens to the sample structure during flash. Different constant electric fields were applied 

to both pre-sintered samples and green bodies at furnace temperatures significantly below 

the Curie temperature of BFO. Densification is comparable to samples sintered by 

conventional methods. Unlike conventional sintering methods, anisotropic behavior was 

observed during lattice expansion upon exposure to the electric field that is inconsistent 

with simple heating. Grain growth increased as the samples were sintered for longer times, 

but first flash experiments showed minimal grain growth in the samples. During flash, 

samples were found to be structurally consistent within the bulk. Estimating sample 

temperature still remains elusive due to the anisotropic nature of the lattice expansion, but 

calculations do provide some idea about the temperature the samples experience during 

flash. While Joule heating cannot be eliminated as a possibility, it appears that nucleation 

of avalanches of Frenkel defects is a likely explanation for the anisotropy during flash.  

There are several directions this research could proceed. First, there is certainly a 

need for modeling of this setup. It is of immediate importance to implement density 

functional theory to estimate the number of Frenkel pairs being formed during flash 

sintering of BFO. In this way, we can begin to quantify the anisotropic behavior. 

Additionally, developing a three-dimensional model of the flash sintering furnace being 

used in our laboratory can also elucidate information regarding sample shrinkage and 

temperature gradient. For this, COMSOL™ Multiphysics is a useful tool that can 
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incorporate the thermal, electrical, and mechanical phenomena simultaneously for a more 

accurate simulation.  

Since flash sintering is still relatively new, there is also more room for experimental 

work as well. Certainly more work can be done to improve temperature estimates during 

flash sintering. Additionally, some studies have been done on dopants for BFO37, 102, 103, 104, 

105, 106, 107, but nothing comprehensive has been pursued in flashing doped BFO. It is also 

of interest to study flash sintering of bismuth ferrite-based composites108, 109, 110, 111, 112. 

While bismuth ferrite has an advantage of having a high Curie temperature, other 

perovskite-type ferrites, such as gadolinium orthoferrite, may be of interest to flash sinter 

as well since they can exhibit electrical and magnetic properties as well.  The difficulty 

with this is developing the initial powders for some of these materials since they, too, can 

be challenging to make.
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APPENDIX 1 

This table, created in Excel, was used to calculate black body radiation values. 

Stage 
Sample 

# 

Regular 

Scan # 

Steady 

State 

Current 

(A) 

Steady 

State 

Current 

Density 

(A/m2) 

Steady 

State 

Voltage 

(V) 

Steady 

State 

Electric 

Field 

(V/m) 

Power 

Density 

(W/m3) 

Furnace 

Temp, 

𝑻𝑭 (°C) 

Furnace 

Temp, 

𝑻𝑭 (K) 

T* (°C) 

III 1 2 0.5 2.55E+04 7.8 1560 3.97E+07 650.76 923.91 797.197 

III 1 3 1 5.09E+04 7.2 1440 7.33E+07 654.38 927.53 888.029 

III 3 1 0.5 2.55E+04 13.3 2660 6.77E+07 501.89 775.04 806.030 

III 3 5 0.5 2.55E+04 12.4 2480 6.32E+07 504.63 777.78 793.431 

III 3 5 0.25 1.27E+04 17.3 3460 4.41E+07 504.74 777.89 730.241 

III 5 1 0.5 2.55E+04 26.8 5360 1.36E+08 356.01 629.16 939.543 

III 5 2 0.5 2.55E+04 18.3 3660 9.32E+07 350.41 623.56 837.383 

III 5 2 0.5 2.55E+04 18.5 3700 9.42E+07 351.17 624.32 840.239 

emissivity 1  area 1.9635E-05 m2 

sigma 5.67E-08 W/m2K2 volume 9.81748E-08 m3 

thickness 0.005 m surf area 0.00011781 m2 

diameter 0.005 m Vol/Surf 0.000833333 m 

perimeter 0.015707963 m 
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APPENDIX 2 

Additional studies on sintering ferrite materials were attempted but unsuccessful. 

Cobalt ferrite and nickel ferrite are both spinel-type ferrites but for both materials, the 

current channeled through the samples and did not densify. A composite of spinel-type zinc 

ferrite and bismuth ferrite was also studied with the aim of determining the threshold of 

zinc ferrite for an improvement of material properties. However, the amount of zinc ferrite 

required for flash was so little that the X-ray beam was attenuated enough so as not to pick 

up any traces of it to monitor.
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